Biphasic electric current stimulates proliferation and induces VEGF production in osteoblasts  by Kim, In Sook et al.
a 1763 (2006) 907–916
www.elsevier.com/locate/bbamcrBiochimica et Biophysica ActBiphasic electric current stimulates proliferation and induces VEGF
production in osteoblasts
In Sook Kim c,1, Jong Keun Song b,1, Yu Lian Zhang c, Tae Hyung Lee b, Tae Hyung Cho c,
Yun Mi Song c, Do Kyun Kim a, Sung June Kim b,⁎, Soon Jung Hwang a,c,⁎
a Dapartment of Oral & Maxillofacial Surgery, College of Dentistry, Seoul National University, Brain Korea 21 2nd Program, Korea
b School of Electrical Engineering and Computer Science, Seoul National University, Korea
c Dental Research Institute, Brain Korea 21 2nd Program, Seoul National University, Korea
Received 28 November 2005; received in revised form 7 June 2006; accepted 7 June 2006
Available online 27 June 2006Abstract
This study investigated biphasic electric current (BEC) functions as a new type of electrical stimulation to induce rat calvarial osteoblasts to
proliferate, differentiate and synthesize cytokines. The culture system was designed so that biphasic current flowed between upper and lower gold
plates. BEC helps to minimize the net charge accumulation during cell exposure to the electrical stimulation. Osteoblasts were exposed to
electrical stimulation of 1.5 μA/cm2 at 3000 Hz, and the effect of BEC was assessed in the interrupted mode (6 h daily) and in the continuous
mode (24 h daily), depending on the interval of stimulation. Whereas proliferation increased by 31% after stimulation in the continuous mode for 2
days, it was unaffected in the interrupted mode. The transcriptional expression of osteogenesis-related genes such as alkaline phosphatase (ALP),
osteopontin, and type I collagen was unchanged 4 days after stimulation in both modes, while cbfa1 was decreased under the same conditions.
There was no detectable change in mRNA expression of growth factors (BMP-2, -4, IGF-2 and TGF-β1) that promote osteoblast differentiation.
However, real-time RT-PCR and ELISA demonstrated that vascular endothelial growth factor (VEGF) was markedly up-regulated by BEC.
Induction of VEGF by BEC was not hypoxia driven. In conclusion, the present in vitro study demonstrates that BEC increases cell proliferation
and induces the production of VEGF. The BEC was more effective with continuous stimulation than with interrupted stimulation. To confirm
whether BEC can enhance osteogenesis, further in vivo studies are needed.
© 2006 Elsevier B.V. All rights reserved.Keywords: Biphasic electric current (BEC); VEGF; Osteoblast differentiation; Proliferation; Bone formation1. Introduction
It has long been acknowledged that physical stress such as
mechanical loading and electric stimulation promote osteogen-
esis and healing of bone fractures [1–5]. Since the discovery of
the natural electrical property of bone in the 1950s and 1960s,
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doi:10.1016/j.bbamcr.2006.06.007currents has been introduced as an important tool in bone
remodeling [6]. Based on this concept, various kinds of
electrical stimulations have been investigated for their effects
on bone regeneration in animal models and in vitro studies.
In vitro studies have demonstrated that electrical direct
current injection, capacitive coupling and inductive coupling
electric fields enhance proliferation of cells with a subsequent
increase in prostaglandin E and extracellular matrix synthesis
such as collagen [7–9]. Pulsed electromagnetic field (PEMF), as
a method of inductive coupling, exerts stimulating effects on
bone mineralization, the proliferation and differentiation of
osteoblasts, and the production of cytokines such as BMP-2,-4
or TGF-β1 [10–13]. Several animal experiments show that
electrical stimulation can increase calcification and enhance
radiographic and mechanical strength in healing bone [14,15].
Supported by a substantial number of in vitro and in vivo animal
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fractures and osteotomies, spine fusions, and delayed and
nonunion fractures [16–18]. These preclinical and clinical
studies demonstrate that electrical energy is an important tool
for enhanced bone formation.
Electrical stimulation can be done invasively using
implants. In this case, the electrical current can be injected
as a constant or as a pulsatile type, which can be either
monophasic or biphasic. On the other hand, electrical
stimulation can be conducted noninvasively using inductive
or capacitive coupling. Each of these types of electric currents
has some shortcomings in its application. It was suggested that
electromagnetic fields are not themselves carcinogenic but
promote tumor progression via increased angiogenesis,
although clinical data suggest that PEMF is safe [19,20]. In
addition, electric stimulation using PEMF requires large
equipment and space for application. Animal studies and
clinical applications with direct current injection are restricted
because of the risk of postoperative infection with the surgical
implantation of electrodes [21]. Moreover, new bone formation
is limited to areas near the electrode tip and does not cover the
wide extent of the damaged or fractured bone tissue. However,
this feature can be advantageous when treating a restricted
region such as a dental implant because a continuous
stimulation in a specific restricted area can maximize the
efficacy of bone formation without being limited by space and
the burden of large equipment.
Whereas the in vitro and in vivo effects of PEMF have
been well studied, the effect of direct current injection on the
function of osteoblasts has scarcely been investigated. Most
previous studies used constant type stimulation [9,22–24] and
only a few employed pulsatile stimulation [25,26]. Constant
direct current stimulation has shown several problems. During
the electrical stimulation, charged proteins in the supernatant
can accumulate on the surfaces of electrodes of opposite
charge, and this accumulation can impede the flow of current
at those locations. This local change of impedance can cause
cells to receive inconstant current. In addition, during
electrical stimulation, faradic products including hydrogen
peroxide, hydroxyl and oxygen ions, free radicals, or other
intermediates can be created [27]. It has been reported that
reactive oxygen species, such as hydrogen peroxide, can
indeed modulate bone resorption in vitro [28,29]. Moreover,
constant direct current results in increased media pH.
Uncontrolled elevation of pH can be toxic to cells and
tissues, although some studies have reported that elevated pH
stimulates osteoblastic activity [24,30–32]. However, under
stimulation using BEC, charged proteins do not accumulate
on the surface of electrodes because the current is charge
balanced. Therefore, the charges are modulated in a more
continuous and regular fashion [33].
In the present study, we analyzed the effects of BEC as one
type of pulsatile direct electrical current injection on the
proliferation, differentiation and cytokine synthesis of rat
calvarial osteoblasts in vitro. We built a custom-designed
Integrated Circuit (IC) and in vitro culture system to satisfy
these requirements for our study.2. Materials and methods
2.1. Design and implementation of BEC system
We designed the biphasic current stimulator chip using a 0.8-μm high
voltage complimentary metal-oxide semiconductor fabrication process at
Austria Micro-systems Corporation. The circuit configuration to form the
biphasic pulses is shown in Fig. 1A. Briefly, the complementary D1 and D2
signals are delivered to switches M1 to M4, while another switch, M5, is turned
on by the D3 signal (D1–D3 were designated as input signals and M1–M6
were designated as transistor switches in the following text). The current
capability of the stimulator is precisely controlled by the geometry of M6 and
by the amplitude of the bias voltages applied to its gate terminal. M1 and M2
are p-type transistors while M3 and M4 are n-type transistors. During the first
phase of a period, the D1 signal turns on both the M1 and M3 switches, while
the M2 and M4 switches stay off and the electric current flows from the channel
to the reference electrode. This forms the positive phase of the biphasic current.
During the second half of the period, the D1 signal turns off M1 and M3, while
the D2 signal turns on M2 and M4, and the current flows in the reverse
direction, from the reference to the channel electrode, forming the negative
phase.
A culture dish was designed such that osteoblasts could be cultured on its
conductive surface with electrical stimulation. The dish needed to contain
electrodes for electrical stimulation while maintaining biocompatibility. To
accomplish these goals, only materials known to be biocompatible were used for
this system. As shown in Fig. 1B, individual culture wells were made with
Teflon®, a material well known for its excellent chemical endurance,
biocompatibility and mechanical stabilities. Gold was chosen as a conductive
culture substrate material because of its several properties of biocompatibility,
excellent cell attachment, and high conductivity. Six wells were made with their
respective anodes and cathodes connected to form an electrical shunt
configuration, as shown in Fig. 1C. The electrodes in the culture dish were
connected to the biphasic current stimulator chip.
The electrodes were gold-deposited on 30-mm×30-mm silicon plates. To
enhance adhesion of the 3000-Å thick Au film to the silicon plate, a 300-Å
thick titanium layer was deposited. The upper plates were used as cathodes
while the lower plates were used as anodes. These wells and gold deposited
glass plates were cleaned in 4:1 H2SO4:H2O2 solutions for 10 min, and then
rinsed in acetone and methanol solvent for 10 min. The culture dish was then
washed in 70% ethanol and deionized water overnight before being autoclaved
for 1 h.
The fabricated biphasic current stimulator chip is presented in Fig. 2A. An
electrostatic discharge protector was built at all input and output pads of the
chip to protect the circuit from external shock or electrostatic discharge. The
chip can deliver biphasic stimulation currents with amplitudes ranging from
2 μA to 1024 μA in 2-μA steps, and with pulse duration varying from 16 μs to
496 μs in 16-μs steps. The stimulation rate can be changed from 10 Hz to
3000 Hz with 64 levels. Fig. 2B shows the captured biphasic current
waveform induced between the channel electrode and the reference electrode
with a 20-μA amplitude and 32-μs duration at 3000 Hz. The amplitude,
duration and pulse rate were precisely controlled by setting the pad
connection.2.2. Preparation of rat calvarial osteoblasts
Rat calvarial osteoblasts from Sprague–Dawley rats were isolated by
sequential collagenase digestion. The cranial bone from 1-day-old rats was
submerged in sterile PBS and chopped into pieces in a solution containing 0.1%
Collagenase type I (Worthington Biochemical Corporation, USA) and 0.2%
Dispase (Boehringer Mannheim, Germany). The calvarial pieces were
subjected to collagenase digestion two times at 37 °C for 30 min. Cells from
the first two digestions were washed, pelleted, and plated at a density of
2×106 cells/90-mm culture dish in minimal essential media modified form (α-
MEM; JBI, Korea), supplemented with 10% heat inactivated fetal bovine serum
(HIFBS), 100 unit/ml penicillin G and 100 μg/ml streptomycin (GIBCO BRL,
USA) under cell culture conditions of 37 °C in a 5% humidified CO2 air
environment. The media were changed at every 3–4 days, and the cells were
Fig. 1. Schematic diagrams of the osteoblast culture system with biphasic current stimulation. The circuit schematic, with semiconductor transistor switch
configurations to form biphasic pulses and delivered input signals to control these switches, is shown in panel A. The complementary D1 and D2 signals are delivered
to switches M1 to M4, while M5 is turned on by M3. During the first phase of a period, the D1 signal turns on both the M1 and M3 switches and the electric current
flows from the channel to the reference electrode. During the second phase, D1 turns off M1 and M3, while D2 turns on M2 and M4, and the current flows in reverse
direction, from the reference to the channel electrode, forming the negative phase. (B) The Teflon® culture dish and the gold-deposited glass plate for culturing the
osteoblast cells are connected with biphasic current stimulator. (C) Each well is connected in shunt electrical configuration, forming a 6-well culture system.
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osteoblasts were used in the present experiments. For the differentiation
condition, ascorbic acid (50 μg/ml) and β-glycerophosphate (10 mM) were
supplemented in the confluent plating of cells.2.3. Cell proliferation
Rat calvarial osteoblasts were inoculated at a density of 2,500 cells per
square centimeter of gold surface in α-MEM supplemented with 10% HIFBS.
Fig. 2. Fabricated biphasic current stimulator chip (2.5 mm×2.5 mm). (A) The
chip has 48 pins with certain pins assigned for setting amplitude, duration and
pulse rate. (B) Measured biphasic current waveform (32-μs duration, 20-μA
amplitude) and pulse train (3000 Hz) between channel and reference electrode
with a 10-kΩ load.
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interrupted (6 h daily) and continuous mode (24 h daily) for 2 days. The control
group was cultured in the same culture system without electrical stimulation.
Cell number was counted with trypan blue staining. The cell proliferation was
repeated in triplicate with three independent samples (n=3).
2.4. mRNA expression for the transcriptional expression of
osteogenesis-related genes
2.4.1. Reverse transcription-polymerase chain reaction (RT-PCR)
Rat calvarial osteoblasts were inoculated on gold disks at a cell density of
5.5×104/cm2 in α-MEM supplemented with 10% HIFBS under standard culture
conditions, and cultured in differentiation medium after exposure to two
different modes of electric stimulation (1.5 μA/cm2, 3000 Hz) during 4 days.
Then, the cells were trypsinized, sedimented, and total RNA was extracted by
adding 0.5 ml of TRIzol® reagent (Invitrogen, Life technologies, USA). Each
1 μg RNA was subjected to cDNA synthesis by use of SuperScript™ Reverse
Transcriptase II (Invitrogen) and oligo (dT)12–18 primer (Invitrogen) in a 20-μl
reaction volume according to the manufacturer's instructions, with an additional
step of removing RNA complementary to the cDNA using E. coli RNase H
(Invitrogen). One microliter of each cDNA was then subjected to polymerasechain reaction according to the following amplification profile: pre-denaturation
at 94 °C for 40 s, amplification (denaturation at 94 °C for 40 s; annealing at
60 °C for 40 s; extension at 72 °C for 1 min) for 30 cycles, with final extension at
72 °C for 10 min. The rat-specific primers used are shown in Table 1. PCR was
performed in a DNA thermal cycler (model PTC-200, MJ research, Inc.,
Massachusetts, USA). For each of the PCR products, 10 μl was electrophoresed
on a 1.5% agarose gel in the presence of ethidium bromide and visualized by the
Gel Documentation System (Vilber Lourmat, France).
2.4.2. Quantitative real-time RT-PCR
Cells were harvested from the day 4 culture treatments as described in
Section 1.4.1. Total RNA isolation and cDNA synthesis were carried out with
the same method as RT-PCR. SYBR® Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) was used to detect accumulation of PCR
product during cycling with the ABI Prism 7700 Sequence Detection System
(Applied Biosystems, CA). The thermocycling conditions were as follows: pre-
denaturation at 95 °C for 10 min, amplification with use of three-step cycles of
denaturation at 95 °C for 15 s, annealing and extension at 60 °C for 1 min, for a
duration of 30 cycles, with the final dissociation cycle at 95 °C for 15 s, 60 °C
for 1 min and 95 °C for 15 s. Real-time RT-PCRs were carried out in triplicate
with three independent experiments (n=3). Oligonucleotide primers for real-
time RT-PCR were designed to produce product sizes under 200 bp using Real-
Time PCR system Sequence Detection Software v1.3 (Applied Biosystems, CA,
USA) and were purchased from Bionics (Seoul, Korea). The rat-specific primer
sequences for real-time RT-PCR were as follows: ALP (Genebank #J03572)
forward-ATG TCT GGA ACC GCA CTG AAC, reverse-TTC TTT GTC AGG
ATC CGG AGG; cbfa1 (Genebank#AB1145746) forward-ACC ATG GTG
GAG ATC ATC GC, reverse-GCC ATG ACG GTA ACC ACG G; VEGF
(Genebank# AY033506) forward-TGC AGA TCA TGC GGA TCA AAC,
reverse-TTT CTC CGC TCT GAA CAA GGC; HIF-1α (Genebank#
AF057308) forward-GAA AGA ACA AAA CAC GCA GCG, reverse-ATG
AAT GTG GCC TGT GCA GTG; β-actin (Genebank# BC063166) forward-
ACC GGC ATT GTC ACC AAC TG, reverse-GGT GAT CTT TTC ACG GTT
GGC. Fold differences of each gene were calculated for each treatment group
using normalized CT values of housekeeping gene β-actin according to the
instructions of the manufacturer, Applied Biosystems.
2.5. Enzyme-linked immunosorbent assay (ELISA)
VEGF and BMP-2 levels in culture supernatants were measured with a
quantitative sandwich ELISA (R&D Systems, USA). Culture media was
changed after electrical stimulation for 2 days. Cell culture supernatants of
days 0, 2 and 4 cultures after electrical stimulation in differentiation conditions
were added to 96-well ELISA plates after centrifugation. Standards for VEGF
(0–500 pg/ml) or BMP-2 (0–20,000 pg/ml) were run in each series. Following
incubation, aspiration and washing, either mouse VEGF conjugate (100 μl/well)
or mouse/rat/human BMP-2 conjugates (200 μl/well) was added as per the
manufacturer's instructions. The optical density of each well was determined
within 30 min using a microplate reader set to a 450-nm wavelength correction
for optical imperfections in the plate. The ELISAwas repeated in triplicate with
two independent samples (n=2).
2.6. Western blotting of hypoxia-inducible factor (HIF)-1α
Rat calvarial osteoblasts were lysed in RIPA buffer containing 50 mM
Tris buffer (pH 7.5), 50 mM NaCl, 1% Triton X-100, 1 mM EGTA, 10 mM
Na4P2O9, 5 mM Na3VO4, 50 mM NaF, and protease inhibitors (10 μg/ml
leupeptin, 10 μg/ml aprotinin, 10 μg/ml pepstatin A, 0.1 mM PMSF and
1 mM DTT) at day 5 after stimulation under the same conditions for the
RT-PCR analysis. Cell lysates (30 μg/lane) were subjected to 8% SDS-
polyacrylamide gel and transferred to PolyScreen PVDF membrane
(PerkinElmer Life Sciences, Inc., USA). The membranes were blocked
with 5% nonfat dry milk in TBST buffer (0.1 M Tris-buffered saline (pH
7.5)/0.1% Tween) and probed with antibodies. The following antibodies
were used in this study: polyclonal human/mouse anti-HIF-1α antibody
diluted 1:100 with (AB1536, R&D systems, USA), monoclonal anti-α-
tubulin (Santa Cruz Biotechnology, Inc. USA). Primary antibodies were
Table 1
RT-PCR primers for rat osteoblast-specific gene expression analysis
Target gene Gene Bank (Accession no.) Sequences of primer Expected product size (bp)
β-Actin BC063166 S: 5′-GAAGCTGTGCTATGTTGCCCTAGA-3′ 445
A: 5′-GTACTCCTGCTTGCTGATCCACAT-3′
ALP J03572 S: 5′-CTTTGTGGCTCTCTCCAAGACGTA-3′ 635
A: 5′-TCAGGTTGTTCCGATTCAACTCAT-3′
Osteopontin AB001382 S: 5′-CGCATTACAGCAAACACTCAGATG-3′ 551
A: 5′-CTGACTTGACTCATGGCTGGTCTT-3′
TypeI collagen Z78279 S: 5′-GGTTATGACTTCAGCTTCCTGCCT-3′ 548
A: 5′-ATGTAGGCTACGCTGTTCTTGCAG-3′
Osteocalcin M1777 S: 5′-CCATGAGGACCCTCTCTCTGC-3′ 300
A: 5′-AAACGGTGGTGCCATAGATGC-3′
BSP AB001383 S: 5′-GAACGAAGAAGCAGAAGTGGATGA-3′ 338
A: 5′-CATACGCAGTGTTGTACTCGTTGC-3′
Cbfa1 AB115745 S: 5′-ATTCCTGTAGATCCGAGCACCA-3′ 414
A 5′-TACCTCTCCGAGGGCTACAACC-3′
Osterix AY177399 S: 5′-AGCTCTTCTGACTGCCTGCCTAGT-3′ 347
A: 5′-TTGGGCTTATAGACATCTTGGGGT-3′
Msx2 U12514 S: 5′-CTGAGGAAACACAAGACCAACAGG-3′ 335
A: 5′-AGCACAGGTCTATGGAAGGGGTAG-3′
Dlx5 NM_012943 S: 5′-CCAAAGAAAGTTCGTAAACCCAGG-3′ 574
A: 5′-TTGTTTCCATTGTTCAAACATCCC-3′
BMP-2 Z25868 S: 5′-AAGAAGCCATCGAGGAACTTTCAG-3′ 432
A: 5′-CCTGAGACCAGCTGTGTTCATCTT-3′
BMP-4 Z22607 S: 5′-TGCTGATGGTCGTTTTATTATGCC-3′ 521
A: 5′-GTTTATACGGTGGAAGCCCTGTTC-3′
IGF-2 X02213 S: 5′-AGTCGATGTTGGTGCTTCTCATCT-3′ 476
A: 5′-GTCTTTGGGTGGTAACACGATCAG-3′
VEGF AF215725 S: 5′-ACCCTGGCTTTACTGCTGTACCTC-3′ 614 (VEGF188)
A: 5′-TCACCGCCTTGGCTTGTCACA-3′ 542 (VEGF164)
TGF-β1 X52498 S: 5′-TGCAGAGATTCAAGTCAACTGTGG-3′ 387
A: 5′-AGCAGTAGTTGGTATCCAGGGCTC-3′
HIF-1α AF057308 S: 5′-ACAAGCTTAAGAAAGAGCCCGATG-3′ 852
A: 5′-CTCTTTCTGCTCTGTCTGGTGAGG-3′
All primers were designed to have an optimum annealing temperature between 58 and 60 °C.
Abbreviations: S, sense; A, antisense; ALP, alkaline phosphatase; BSP, Bone sialoprotein.
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USA) and HRP-conjugated anti-mouse IgG (Biomeda, USA) with an en-
hanced chemiluminescence detection system ECL (Amersham Biosciences,
UK) according to the manufacturer's instructions.
2.7. Statistical analysis
Data are expressed as the mean±standard error of the mean (SEM) of
triplicate repeats with three independent samples (n=3) for the analyses of
proliferation and real-time RT-PCR. The results were statistically analyzed by
the two-tailed Student's t-test (t-test) using SigmaPlot (version 8.0). A p-value
<0.05 was considered statistically significant.Fig. 3. The effect of BEC on the proliferation of osteoblasts depending on the
interval of stimulation time, 6 h daily or 24 h daily exposure with a magnitude of
1.5 μA/cm2, 3000 Hz, at day 2 after electrical stimulation. Cell numbers were
counted by trypan blue staining. Values are mean±SEM; n=3. * Significant
from control, p<0.05.3. Results
3.1. Proliferation of rat calvarial osteoblasts
The gold surface used as the cell culture plate in the present
study supported cell attachment and growth (examined before
electric stimulation, data not shown) as well as a commercial
polystyrene tissue culture dish. After exposure to BEC in con-
tinuous mode for 2 days, the number of osteoblasts increased
from 304,201±101,636 (mean±SEM) cells to 399,000±83,585
(mean±SEM) with significance (p<0.05), which represented a
31% increase compared to the control in proliferation of osteo-blasts. However, BEC in interrupted mode did not stimulate
osteoblast proliferation (Fig. 3).
3.2. Differentiation of osteoblasts
The mRNA expression of various differentiation-related
markers was generally unchanged after electrical stimulation for
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expression of early markers of osteoblast differentiation such as
osteopontin and type I collagen in RT-PCR (Fig. 4A).
mRNA expression of ALP, which is the most representative
marker in early phase of osteoblast differentiation, did not
show statistically significant change under electrical stimula-
tion of both modes in real-time RT-PCR, while it was re-
pressed in interrupted mode by RT-PCR (Fig. 4B). The
transcriptional expression of cbfa1, as the central transcrip-
tion factor of osteoblast differentiation, was down-regulated
under both electrical stimulations in RT-PCR. This repression
of cbfa1 was confirmed by real-time RT-PCR with a 0.32-
fold decrease in the interrupted mode (p<0.0001) and a
0.43-fold decrease in the continuous mode (p<0.01) over the
control (Fig. 4C). mRNA expression of msx2, which is
predominantly expressed in the proliferative preosteoblast
stage, was slightly up-regulated in the continuous mode. The
transcriptional expression of osterix was too weak to be
detected, and the dlx5 was not expressed under any condi-
tion tested (Fig. 4A). Middle or late makers of differentia-
tion, bone sialoprotein and osteocalcin, were not expressed
during the 4-day period in RT-PCR. Collectively, RT-PCRFig. 4. Effect of BEC on osteoblast differentiation. (A) RT-PCR analysis of ALP
(alkaline phosphatase), Col (I) (Type I collagen), OPN (osteopontin), and
osteoblast specific transcription factors (Cbfa1, Osterix and Msx2) was
performed on total RNA from day 4-stimulation in interrupted (6 h/day) or
continuous (24 h/day) mode under differentiation condition. To confirm the
nearly equal loading, β-actin was detected in each RT-PCR. ND means ‘not
detected’. Results shown are representative of two independent experiments.
ALP (B) and cbfa1 mRNA (C) expression were analyzed using real-time RT-
PCR. Values are expressed as mean±SEM, normalized to β-actin from three
independent experiments (n=3), as fold expression versus control, which is
arbitrarily assigned the value 1. Difference of ALP mRNA expression from
control was not significant in both 6-h daily and 24-h daily stimulation
(p>0.05). Cbfa1 mRNA expression was repressed in both modes of electrical
stimulation relative to the unstimulated control. *Significantly different from
control in interrupted mode, p<0.0001. **Significantly different from control in
continuous mode, p<0.01.and real-time RT-PCR analyses showed that BEC does not
stimulate osteoblast differentiation in the early stage.
3.3. Cytokine synthesis and VEGF induction
To investigate whether BEC can stimulate the gene
expression of growth factors, we examined the mRNA ex-
pression of growth factors by RT-PCR. Growth factors that
showed changes in mRNA expression were subsequently
analyzed for changes in secreted protein levels using
ELISA.
There was no difference in the transcriptional expression of
the cytokines after stimulation with BEC compared to the
control group under the continuous mode. However, interrupted
electrical stimulation generally inhibited the transcriptional
expression of BMP-2, BMP-4, IGF-2 and TGF-β1 (Fig. 5A).
The secreted protein level of BMP-2 could not be detected
because the amount of BMP-2 present was less than the amount
minimally detectable by ELISA (4.3 pg/ml) (Table 2). In
contrast, the mRNA expression of two alternatively spliced
isoforms of VEGF (188 aa and 164 aa) was clearly up-regulated
in RT-PCR and quantitative evaluation was statistically
significant in both BEC modes (p<0.01 for 6 h daily and
p<0.001 for 24 h continuous exposure) (Fig. 5B and C). In the
ELISA, the secreted amount of VEGF protein resulted in 2.8-
fold induction after 2 days and 3.2-fold induction after 4 days
under both modes (Fig. 5D).
In order to follow how cells received the signal for VEGF
induction, we examined the expression of HIF-1α, which is a
specific transcription factor of VEGF and which is induced in
the hypoxic condition. Quantitative real-time RT-PCR did not
show significant increase under either mode (Fig. 6A and B). In
Western blot analysis, the protein level of HIF-1α was
decreased in both groups of EC exposure compared to the
control (Fig. 6C).
4. Discussion
Electrical stimulation can be applied in variable modes
depending on the waveshape, frequency, amplitude and
exposure time. As one type of pulsatile direct electrical current,
the effect of BEC on the function of osteoblasts was at first
analyzed in vitro in the present study, whereas constant direct
current was used in most previous studies [9,23,34,35]. This
study focused on cell proliferation and the production of
osteogenesis-related cytokines under electrical stimulation
using BEC.
Adequate current amplitude should be applied to cells for
optimal stimulation. In previous studies which demonstrated the
proliferative effect of constant or alternating (monophasic)
direct current on osteoblast cells, the applied current ranged
from 100 μA/cm2 to 10 μA/cm2 for in vitro culture systems
[23,24,26]. Wang and colleagues [37] have reported that limited
electrochemical reactions are recorded in the culture medium at
the relatively high current level of 100 μA/cm2. Considering
that BEC flows over the plate evenly with little loss of current,
we supposed that a magnitude of less than 10 μA/cm2 may be
Table 2
BMP-2 production under electrical stimulation by BEC in rat calvarial
osteoblasts
Electrical
stimulation
BMP-2 (pg/ml)
Day 0 Day 2 Day 4
Control 0.95±0.09 0.97±0.08 0.98±0.04
6 h/day 1.98±0.12 2.15±0.19
24 h/day 1.98±0.03 2.09±1.14
Rat calvarial osteoblasts were exposed to BEC in interrupted (6 h/day) or
continuous (24 h/day) mode under the differentiation condition. BMP-2
amounts were quantified with cell culture supernates of days zero, two and
four using a BMP-2 ELISA kit. Each value (mean±SEM) was derived from
triplicate measurements with two independent samples (n=2).
Fig. 5. Cytokine synthesis and VEGF induction by BEC. (A) The mRNA
expression of osteoblast differentiation-promoting cytokines (BMP-2, BMP-4,
IGF-2 and TGF-β1 was determined by RT-PCR of day 4 cultures under
differentiation conditions in two modes of BEC (1.5 μA/cm2, 3000 Hz). One
representative of two experiments is shown. (B) VEGF mRNA expression was
determined 4 days after electrical stimulations by RT-PCR. Two alternative
splicing isoforms of VEGF (188 aa and 164 aa) were up-regulated in both modes
of BEC. (C) VEGF mRNA was analyzed by real-time RT-PCR. *Statistical
significance from the control in interruptedmode (6 h/day), p<0.01. **Statistical
significance from the control in continuous mode (24 h/day), p<0.001. (D)
Secreted VEGF concentrations were quantified with cell culture supernates
(n=2) of days zero, two and four after stimulation by a VEGF ELISA kit under
the same conditions as the RT-PCR.
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15 μA/cm2, the proliferation was reduced by half, compared
with an unstimulated control group (data not shown). In trials
with a 10-fold lower magnitude (1.5 μA/cm2), the proliferation
was increased and all experiments were done under a current of
1.5 μA/cm2. A relatively high frequency of 3000 Hz was chosen
to permit the transmission of electrical signals to as many
osteoblasts as possible, based on the report that high-rate
biphasic electrical stimulation was applied safely in cochlear
implant patients as an improved speech-processing strategy
[36]. We will attempt to test lower repetition rates in a future
study.
Osteoblast proliferation by electrical stimulation has been
demonstrated in many reports. It has been reported that
electrical stimulation using capacitively coupled electric field
resulted in a significant increase of cell proliferation at 24 h with
either neonatal rat calvarial osteoblasts or mouse MC3T3-E1osteoblast-like cells [12]. direct current of 100-μA/cm2
magnitude increased the proliferation of rat calvaria osteoblast
after 3 days [23]. Supronowicz et al. [26] reported that
alternating (monophasic) direct current with interrupted stimu-
lation for 6 h daily led to a 46% increase at day 2 in cell
proliferation. BEC in the present study resulted in a moderate
increase of cell proliferation with statistical significance under
continuous stimulation, an observation consistent with other
types of electrical stimulation. It has been reported that the
increase in cell proliferation using other types of direct current
(constant or monophasic) was caused by an elevated pH during
electrical stimulation [24]. However, the proliferative effect
using BEC could not have been modulated by elevated pH,
because we observed that the medium pH was unchanged after
electrical stimulation for two or 4 days (data not shown).
Studies using capacitively coupled electric field suggested that
the activated calcium/calmodulin pathway by increased intra-
cellular calcium concentration via voltage-gated calcium
channel mediated the proliferative response of bone cells
[38,39]. Whether BEC is involved in this kind of signal
transduction is yet unknown.
The calvarial osteoblasts isolated cells from young animals
in this study should be mixed, consisting of cells at different
stages of differentiation, with uncommitted osteoblasts, osteo-
progenitor cells, or differentiated osteoblasts. The cells can be
still proliferative. We tried to detect whether BEC exerts acute
osteoinductive effects on rat calvarial osteoblasts as efficiently
as BMP-2 in the early phase of differentiation, the latter of
which increases ALP expression after 1 day [40]. It appears that
BEC does not impose an acute stimulus on osteoblast
differentiation like osteogenic inducers such as dexamethasone
or BMP-2 [40–42]. Under osteoblast differentiation conditions
in the present study, BEC consistently did not enhance the
transcriptional expression of all tested osteogenesis-related
genes. Moreover, ALP and cbfa1, which stand out as the
representative indices for osteoblast differentiation in early
stage, were either unchanged or repressed in mRNA expression.
The mineralization would be enhanced if the cells were exposed
to long periods of stimulation over one or 2 weeks. This may
imply that the differentiation process is delayed, because BEC
maintained the proliferative phenotype of osteoblasts. A similar
pattern of proliferative effect with unchanged or decreased
Fig. 6. Gene expression of HIF-1α under BEC in differentiation condition. Rat
calvarial osteoblasts were exposed to BEC (1.5 μA/cm2, 3000 Hz) for 4 days in
interrupted (6 h/day) and continuous (24 h/day) mode under differentiation
conditions. HIF-1αmRNA expression was determined by RT-PCR (A) and real-
time RT-PCR (B) (mean±SEM, n=3). Difference from control was not
significant as p>0.05. (C) HIF-1α protein level was determined by western
blotting. Results shown are representative of two independent experiments.
914 I.S. Kim et al. / Biochimica et Biophysica Acta 1763 (2006) 907–916activity of ALP has been reported using capacitively coupled
electric stimulation [43]. The pattern of delayed differentiation
during cell proliferation was seen with the treatment of
proliferation-promoting agents like basic fibroblast growth or
insulin-like growth factor-I. These two compounds did not
elevate ALP activity in vitro, but they showed accelerated bone
formation during in vivo animal experiments [44,45].
Angiogenesis is a prerequisite for bone formation and
fracture healing, and it has been reported for close cross-talk
between endothelial cells and osteoblasts [46,47]. Tepper et al.
[20] demonstrated the biological relevance of PEMF to bone
healing resulting from the increase in interaction between
osteogenesis and blood vessel growth. Factors produced from
the endothelial cells of blood vessels or from a contact of
endothelial cells with osteoblasts positively regulate osteoblast
differentiation, and vice versa [48,49]. VEGF secreted from
osteoblasts functions as a paracrine factor and causes
endothelial cells to proliferate and stimulate blood vessel
formation in bone tissue [48,49]. VEGF can be induced by
several factors such as hypoxia, reactive oxygen species, 1, 25-
dihydroxyvitamin D, and several cytokines including IGF-1 and
TGF-β1 [49]. The molecular basis whereby VEGF can be
regulated has been mainly studied with regard to the hypoxia-
sensing transcription factor, HIF-1α [50–52]. HIF-1α is a key
player in the signaling pathway that controls the hypoxic
response of mammalian cells and is degraded by ubiquitination
under high O2 concentration [52,53]. Patterson and Runge [54]
suggested modern electrical-stimulation methods for the
treatment of ischemia as therapeutic angiogenesis therapies,
based on the report of Hang et al. [55]. In their report, VEGFgene expression was up-regulated in skeletal muscle chronically
stimulated by electric current (10 Hz, 300 μs pulses) in animal
experiments [55]. They suggested that the electrical stimulation
of skeletal muscle was assumed to cause a deficiency of oxygen
in the muscles and that VEGF induction was followed by this
induced hypoxic condition, even though these claims were not
proven. Therefore, we investigated whether BEC caused
hypoxia conditions in cells that subsequently induced VEGF
production through the stabilization of HIF-1α. We concluded
that VEGF induction was not hypoxia driven because we
observed no induction of HIF-1α. Tepper and colleagues [20]
demonstrated that PEMF augments angiogenesis primarily by
stimulating an endothelial release of FGF-2, which subse-
quently induces paracrine and autocrine changes in the
surrounding tissue, but VEGF released from osteoblasts or
endothelial cells showed no difference within PEMF cultures
when compared with controls.
In conclusion, BEC increased osteoblast proliferation and
VEGF production, but did not stimulate differentiation.
Continuous stimulation provided more favorable conditions
for cell proliferation than interrupted stimulation. Transcrip-
tional and protein levels of VEGF were significantly up-
regulated by BEC, indicating that BEC switched on some
potential regulator of VEGF very efficiently and that VEGF
may be important for mediating angiogenesis in osteoblasts. It
can be predicted from these two functions (increase of
osteoblast proliferation and induction of VEGF) that BEC
could induce bone regeneration in animal experiments. This
study was valuable to assess BEC via in vitro analysis at first as
a new type of electrical stimulation with relevance to
osteogenesis. The present in vitro research raises the possibility
that BEC could be used as a new alternative tool applied in
tissue regeneration requiring increased angiogenesis.
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